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Overview 
 
This report presents the methodologies used in the static strength justification 
necessary for the certification of the torsion box of an aircraft’s horizontal tail-
plane. The hypotheses assumed are also presented, as well as the detail of 
some calculations and a few of the results obtained.  
 
The static strength justification exposed here is one of the many certifications 
an aircraft must have before it is legally allowed to fly, in order to ensure it 
complies with the minimum security requirements established by the Aviation 
Authorities. Although all of the aircraft’s parts must undergo this certification 
study, this report only includes a specific part of the aircraft: the horizontal tail-
plane’s torsion box. 
 
The function of the horizontal tail-plane (HTP) is to provide longitudinal stability 
to the aircraft. Its structure is similar to that of a wing and consists in the torsion 
box and other auxiliary structures built around it. The torsion box is made of 
spars, ribs and the skins joined together by rivets and other structures such as 
rib angles. However, in this report only the study of the spars and the skins is 
presented.  
 
The principal structural analyses carried out are buckling and damage 
tolerance in panels without holes, buckling and stress concentration in panels 
with holes and buckling and crippling in the spars’ stiffeners and skins’ 
stringers.  
 
In order to accomplish the aim of obtaining a valid static strength justification, 
the methods proposed in this report must demonstrate that all of the spars’ and 
skins’ parts do not surpass any of the given allowable values for each of the 
individual analyses. Thus, if the initial hypotheses made are too conservative 
and the allowables are exceeded, new, less conservative hypotheses must be 
made until the values obtained are below the allowed limits. Of course, these 
new hypotheses must be justified. 
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Resum 
 
Aquest treball presenta les metodologies utilitzades en la justificació de 
resistència estàtica necessària per a la certificació del calaix de torsió de 
l’estabilitzador horitzontal d’una aeronau. Les hipòtesis assumides també es 
presenten, així com el detall d’alguns càlculs i alguns dels resultats obtinguts. 
 
La justificació exposada en aquest treball és una de les moltes certificacions 
que una aeronau ha de tenir abans de que pugui volar legalment. Aquestes 
certificacions són necessàries per tal d’assegurar que l’aeronau compleix amb 
els requisits mínims de seguretat establerts per les Autoritats d’Aviació. Tot i 
que totes les parts de l’aeronau requereixen estudis de certificació, en aquest 
treball tan sols s’inclou una part específica de l’aeronau: el calaix de torsió de 
l’estabilitzador horitzontal. 
 
La funció de l’estabilitzador horitzontal és la de proporcionar estabilitat 
longitudinal a l’aeronau. Té una estructura similar a la d’una ala i consisteix en 
un calaix de torsió i altres estructures auxiliars construïdes al voltant d’aquest. 
El calaix de torsió està format per llarguers, costelles i revestiments units entre 
sí per reblons i altres estructures com ara els angulars de les costelles. De 
totes maneres, en aquest treball només s’inclou l’estudi dels llarguers i dels 
revestiments.  
 
Els principals anàlisi estructurals duts a terme són el pandeig i la tolerància al 
dany dels panells sense forats, el pandeig i la concentració d’esforços en els 
panells amb forats i el pandeig i el crippling dels rigiditzadors dels llarguers i 
dels revestiments. 
 
Per tal d’aconseguir una justificació vàlida, els mètodes proposats en aquest 
treball han de demostrar que tots els components dels llarguers i revestiments 
estudiats no sobrepassen en cap moment els valors admissibles establerts. 
Per tant, si les hipòtesis fetes inicialment són massa conservatives i els valors 
obtinguts superen els admissibles, caldrà fer noves hipòtesis cada cop menys 
conservatives fins a obtenir resultats per sota dels límits admesos. 
Evidentment, aquestes noves hipòtesis hauran de ser justificades. 
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INTRODUCTION 
 
 
This report presents the methodologies used in the static strength justification 
necessary for the certification of the torsion box of an aircraft’s horizontal tail-
plane. The hypotheses assumed are also presented, as well as the detail of 
some calculations and a few of the results obtained.  
 
Aircraft certification is necessary to ensure that an aircraft complies with the 
minimum security requirements established by the Aviation Authorities. Before 
a new commercial aircraft is legally authorised to fly it must have a series of 
certifications, including the static strength justification exposed here. Although 
all of the aircraft’s parts must undergo this certification study, this report only 
includes a specific part of the aircraft: the horizontal tail-plane’s torsion box. 
 
The function of the horizontal tail-plane (HTP) is to provide longitudinal stability 
to the aircraft. Its structure is similar to that of a wing and consists in the torsion 
box and other auxiliary structures built around it (leading edge, trailing edge, 
wing tip...). The torsion box is made out of two or more spars which run along 
the HTP’s span, various ribs, approximately perpendicular to the spars and 
joined to them, and the skins, which cover the spars and ribs and the auxiliary 
structures completely and give the HTP its characteristic aerodynamic shape. 
The different parts are joined together with rivets. 
 
In this report only the study of the main parts of the torsion box is presented: the 
spars and the skins. The principal structural analyses carried out are buckling 
and damage tolerance in panels without holes, buckling and stress 
concentration in panels with holes and buckling and crippling in the spars’ 
stiffeners and skins’ stringers. Even though the static strength justification of the 
torsion box also includes the rivets’ analysis and the spars’ flanges analysis, 
this isn’t included here due to the length restrictions of this report.  
 
This report has been divided into three chapters. The first, entitled General 
Concepts, includes information regarding aircraft certification, the 
characteristics of the horizontal tail-plane, such as its function or its parts, basic 
concepts regarding the static strength analysis and the Finite Element Method 
used in some occasions for the static strength analysis. The second and third 
chapters include the actual static strength justification of the spars and skins, 
respectively.  
 
In order to accomplish the aim of obtaining a valid static strength justification, 
the methods proposed in this report must demonstrate that all of the spars’ and 
skins’ parts do not surpass any of the given allowable values for each of the 
individual analyses. Thus, if the initial hypotheses made are too conservative 
and the allowables are exceeded, new, less conservative hypotheses must be 
made until the values obtained are below the allowed limits. Of course, these 
new hypotheses must be justified. 
 
2                                                           Certification Calculations of the Torsion Box of an Aircraft’s Horizontal Tail-Plane 
 
In most cases, the analyses are done by means of specific software created by 
the manufacturer to perform a particular function. These software are based on 
widely accepted and validated theories and methods. When the results 
obtained using these software aren’t satisfactory, the new, less conservative 
hypotheses are introduced and/or FEM analysis are made. This will be seen 
throughout the study. 
 
Finally, as this report is based on a static strength justification of an actual 
aircraft performed in the company SENER, due to confidentiality issues with the 
aircraft manufacturer, not all results are presented. For the same reason, 
certain information on the torsion box’s characteristics and the software used in 
this justification isn’t given in this study. The rest of information regarding the 
torsion box’s characteristics and the software used can be found in the 
Appendixes A and B, respectively, which are given apart. 
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CHAPTER 1. GENERAL CONCEPTS 
 
 
1.1. Aircraft Certification 
 
Aircraft certification is necessary to ensure that an aircraft complies with the 
minimum security requirements established by the Aviation Authorities. A new 
commercial aircraft must have a series of certifications before it is legally 
authorised to fly.  
 
The Joint Aviation Authorities and the Federal Aviation Administration are the 
two main agencies responsible for the certification of new commercial aircraft.1 
The JAA is a European-based agency and it issues the Joint Aviation 
Requirements (JAR), whilst the FAA is American and it issues the Federal 
Aviation Regulations (FAR). The JAA and FAA have a reciprocity agreement, 
meaning that each agrees to certify aircraft certified by the other agency. Both 
JAR and FAR regulate a wide variety of activities such as airplane design, 
typical airline flights, pilot training activities, hot-air ballooning and, even, model 
rocket launches. The rules are designed to promote safe aviation, protecting 
pilots, passengers and the general public from unnecessary risk. The FARs and 
JARs are organized into sections, called parts. Each part deals with a specific 
type of activity.  
 
The basic requirements for certification of primary structures are found in: 
 
• Federal Aviation Regulations Part 25 (FAR 25) 
• Joint Aviation Requirements JAR 25 Large Aeroplanes (JAR 25) 
 
The static strength analysis shall demonstrate reserve factors greater than or 
equal to 1.00 for all the load cases and failure modes.  
 
Two basic requirements must be fulfilled: 
 
• The structure must be able to withstand limit loads without detrimental 
permanent deformation. At any load, up to limit loads2, the deformation 
may not interfere with safe operation (JAR 25.305 (a)). 
                                            
1 This isn’t strictly true as a new European agency named European Aviation Safety Agency 
(EASA), which became operational in September 2003 and is expected to reach full staffing and 
functionality by late 2007, will be replacing the JAA. The main difference between EASA and 
JAA is that EASA will have regulatory authority through the enactment of its regulations through 
the European Parliament, while most of the JAA regulatory products were merely harmonized 
codes without direct force of law. This means that the JARs needed to be implemented by the 
individual EU members to achieve force of law. However, in the present study the JAR / FAR 
regulations will be followed. 
 
2 Limit Loads are the maximum loads expected in service. Ultimate loads are defined as the 
limit loads times a safety factor, which is specified as 1.5 for commercial aircraft. For some 
research and military aircraft this safety factor is as low as 1.20. 
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• The structure must be able to withstand ultimate loads without failure for 
at least 3 seconds (JAR 25.305 (b)). 
 
 
1.2. Characteristics of the Horizontal Tail-Plane 
 
An airplane in flight is constantly subjected to forces like rising columns of hot 
air or downdraft gusty winds that disturb it from its normal horizontal flight path. 
How the airplane reacts to such a disturbance from its flight attitude depends on 
its stability characteristics. 
 
Static stability is the tendency of an airplane in flight to remain in straight, level, 
upright flight and to return to this attitude, if displaced, without corrective action 
by the pilot. Stability may be (a) longitudinal, (b) lateral, or (c) directional, 
depending on whether the disturbance has affected the airframe in the (a) 
pitching, (b) rolling, or (c) yawing plane (see figure 1.1). 
 
 
 
Figure 1.1. - Pitch, roll and yaw in an aircraft, from [6] 
 
 
Longitudinal stability is pitch stability, or stability around the lateral axis of the 
airplane. To obtain longitudinal stability, airplanes are designed to be nose 
heavy when correctly loaded. This way, the centre of gravity is ahead of the 
centre of pressure3. This design feature is incorporated so that, in the event of 
engine failure, the airplane will assume a normal glide. It is because of this nose 
heavy characteristic that the airplane requires a horizontal tail-plane (HTP). Its 
function is to resist this diving tendency. The HTP is set at an angle of incidence 
that produces a negative lift and thereby, in effect, holds the tail down. In level, 
trimmed4 flight, the nose heavy tendency and the negative lift of the HTP 
exactly balance each other. 
 
 
                                            
3 The centre of pressure is the point where the distribution of pressures acting on the aircraft’s 
body and wings (including the HTP) can be reduced to a resultant force with null moments. 
4 In trimmed flight the condition that the sum of moments on the aircraft is zero must be fulfilled. 
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1.2.1. Function of the Horizontal Tail-Plane 
 
The horizontal tail-plane (HTP), or horizontal stabilizer, is placed on the tail end 
of a lever arm (the fuselage) to provide longitudinal stability. It may be quite 
small. However, being situated at the end of the lever arm, it has great 
leverage. When the angle of attack on the wings is increased by a disturbance, 
the nose of the airplane tends to turn up and the tail down. The HTP, moving 
down, meets the air at a greater angle of attack, obtains more lift and tends to 
restore the balance. 
 
On most airplanes, the HTP appears to be set at an angle of incidence that 
would produce an upward lift. It must, however, be remembered that the HTP is 
in a position to be in the downwash from the wings. The air that strikes the HTP 
has already passed over the wings and been deflected slightly downward. 
Therefore, the proper angle of incidence of the HTP is very important in order 
for it to be effective in its function. 
 
 
1.2.2. Parts of the Horizontal Tail-Plane 
 
In most airplanes the semimonocoque construction design is used. This type of 
design is characterized by the fact of using thin covering elements (skin) with 
stiffening ones (spars, ribs…) in order to obtain a lightweight construction. In 
this type of construction the loads are not only supported by the stiffening 
elements, but also by the covering ones. 
 
In both the wings and the horizontal tail-plane, the main structure consists in a 
torsion box. The torsion box is made out of two or more spars which run along 
the wing’s or HTP’s span, various ribs, approximately perpendicular to the spars 
and joined to them, and the skins, which cover the spars and ribs and the 
auxiliary structures completely and give the wings or the HTP their 
characteristic shape. The auxiliary structures include the leading edge, the 
trailing edge and the wing tip.  
 
Figure 1.2 shows the configuration of an HTP similar to the one studied in this 
report.  
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Figure 1.2. - Parts of a horizontal tail-plane 
 
 
The spars are the main longitudinal beams of the horizontal tail-plane and they 
carry the main part of the load. The spars are made of a web and two flanges. 
The spar’s web carries the shear stresses and torsional moments whilst the 
flanges carry the flexural moments and the axial loads. Secondary structures 
are built around the spars in order to transfer the load to them and, in the case 
of the ribs, also to give the correct aerofoil form to the HTP. The ribs must give 
the desired shape to the external covering of the HTP and maintain its shape 
under load.  
 
The external covering of the HTP is called skin. The Upper and Lower Skin not 
only cover the torsion box, but also the leading and trailing edge of the HTP. 
The skins give the adequate aerodynamic form to the HTP and also transmit 
aerodynamic pressures to the spars and ribs. They carry shear stresses and 
torsional moments as well as flexural moments and the axial loads. They must 
also withstand the stresses produced by the pressurization of the aircraft‘s body 
and tanks. 
 
Skins, spars and ribs have stiffeners that help to maintain their shape by 
bringing stiffness to the structure. The skins’ stiffeners are usually referred to as 
stringers. 
 
 
1.2.3. Characteristics of the Studied Torsion Box 
 
The torsion box of the airplane studied in this report is made up of the following 
parts, joined together by rivets: 
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• Front and Rear Spar 
• Upper and Lower Skin 
• various ribs  
 
All of these parts are made mostly of a specific type of Carbon Fibre Reinforced 
Plastic (CFRP), which is a composite material made of layers or plies bonded5 
together to form a laminate. Due to load requirements, the laminate’s plies may 
be designed in such a way that the plies have different orientations depending 
on the orientation of the fibres they contain. The orientation is specified relative 
to the component’s x-axis by the angle θ (in degree), which is positive in the 
counter clockwise direction. In the laminates of spars, skins and ribs, there are 
four possible directions of the plies’ fibres: 0º, 45º, -45º and 90º. However, 
because the HTP is made of different parts, different reference x-axis are used 
in each part. Consequently, there are more than four directions in the whole 
HTP though they are all at 0º, 45º, -45º or 90º with respect to their reference x-
axis. 
 
The spars, skins and ribs are composed of different ply-zones. The material 
used in the different ply-zones is the same (CFRP) but the number of plies and 
their direction varies. Thus, there are different thicknesses and properties for 
different zones.  
 
For further information dealing with the geometric characteristics of the spars 
and skins, as well as the properties of the CFRP, see Appendix A. 
 
 
1.3. Basic Concepts Regarding the Static Strength Analysis 
 
Bellow follow the definitions of the terms most commonly used throughout the 
static strength analysis of the HTP’s torsion box. The definitions given here 
apply to the terms in question as they are used in this study and most of them 
have been taken from reference [9].  
 
 
1.3.1. Stress and Strain 
 
Stress is an internal force exerted by either of two adjacent parts of a body 
upon the other across an imagined plane of separation. Therefore, it is 
measured in SI force unit, newtons (N).  
 
When the forces are parallel to the plane, the stress is called shear stress (τ); 
when the forces are normal to the plane, the stress is called normal stress (σ); 
when the normal stress is directed toward the part on which it acts, it is called 
compressive stress; and when it is directed away from the part on which it acts, 
it is called tensile stress. Shear, compressive and tensile stresses, respectively, 
                                            
5 Layers of composite material bonded together are layers that have been adhered to each 
other with pressure and heat, using vacuum bagging and autoclave. 
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resist the tendency of the parts to mutually slide, approach, or separate under 
the action of applied forces.  
 
For brevity, the word stress is often used to connote unit stress, which is the 
amount of stress per unit of area. Throughout this study the word stress has 
been used in this way. Thus, stress is given in MPa. 
 
The distribution of stress across the section of a body may be practically 
uniform or may vary in some regular manner. When the variation is abrupt so 
that, within a very short distance, the intensity of stress increases greatly, the 
condition is described as stress concentration. It is usually due to geometric 
discontinuities or local irregularities such as cracks, sharp corners, holes, and 
similar stress raisers. High local stresses can cause the body to fail more easily 
than its overall size suggests, so all the hole edges of the panels with holes in 
the torsion box have been checked for stress concentrations. 
 
Strain is any forced change in the dimensions of a body. A stretch is a tensile 
strain and a shortening is a compressive strain. Both of them are longitudinal 
strains (ε). An angular distortion is a shear strain (γ). Longitudinal strain is 
measured in SI distance units (m, mm) and shear strain is measured in SI 
angular units (radians, degrees) 
 
Uniform tensile or compressive stress (σ) is related to longitudinal strain (ε) by 
the elastic modulus or Young’s modulus (E): 
 
 
εσ ·E=       (1.1) 
 
 
Shear stress (τ) is related to shear strain (γ) in a similar way by the shear 
modulus (G or Gxy): 
 
 
γτ ·G=       (1.2) 
 
 
Both expressions 1.1 and 1.2 refer to one-dimensional relations. 
 
Like stress, the word strain is commonly used to connote unit strain, which is 
the elongation per unit length (unit tensile strain), shortening per unit length 
(unit compressive strain) or change in angle (radians) between two lines 
originally at right angles to each other (unit shear strain). Throughout this study 
this has been the usage of the word strain. 
 
Unit strains have no actual units, although throughout this study both 
longitudinal and shear strains are sometimes given in micro-strains (με), that is 
μm/m, to indicate the values given should be multiplied by 10-6 if used in 
formulas in order to obtain SI units. This has been done in order to work with 
readily usable values. 
 
General Concepts  9 
 
1.3.2. Strength and Stiffness 
 
Strength is the ability of a material to withstand stress and strain. Usually, 
strength stands for ultimate strength. The ultimate strength of a material in 
tension, compression, or shear, respectively, is the maximum tensile, 
compressive, or shear stress that the material can sustain calculated on the 
basis of the ultimate load the material can withstand and the original or 
unstrained dimensions. 
 
Stiffness is the ability of a material to resist elastic deformation. A force applied 
to an object (stress) produces a displacement or deformation in the direction of 
the applied force (strain). Stiffness is the ratio of the force divided by the 
displacement (expression 1.3 shows this relation for one-dimensional forces 
and displacements). High stiffness means that a large force produces a small 
displacement.  
 
 
k = Pδ       (1.3) 
 
 
 
Where k is the stiffness of a body that deflects a distance δ under an applied 
force P. Stiffness is typically measured in newton per metre (N/m). 
 
As both the applied force and deflection are vectors, their relationship is usually 
characterised by a stiffness matrix. The deflection can, in general, refer to a 
different point from that where the force is applied and a complicated structure 
will not deflect purely in the same direction as an applied force. The stiffness 
matrix enables such systems to be characterised in straightforward terms, such 
as the Young’s modulus and the shear modulus, seen in expressions 1.1 and 
1.2. 
 
The inverse of stiffness is compliance, typically measured in units of metres per 
Newton (m/N). 
 
For further information on the stiffness matrix and the compliance matrix, see 
Appendix C. 
 
 
1.3.3. Bending and Buckling 
 
Bending takes place when a structural element is subjected to a lateral load. 
Due to this load, internal forces appear in the element: shear parallel to the 
lateral loading, compression along the top of the structure, and tension along 
the bottom of the structure according to figure 1.3. These last two forces form a 
moment as they are equal in magnitude and opposite in direction. This bending 
moment produces the sagging deformation characteristic of the structures 
experiencing bending. 
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Figure 1.3. - Side view of a simply supported beam (top) bending under a 
distributed lateral load (bottom), from [8] 
 
 
Buckling takes place when there is a sudden failure of a structural member that 
is subjected to high compressive stresses. However, the actual compressive 
stresses at failure are lower than the compressive stresses that the material is 
capable of withstanding before failing due to compressive strength failure.  
 
Usually, a distinction is made between global buckling and local buckling. Local 
buckling refers to the fact that a local element which is part of a bigger structure 
buckles before the structure buckles as a whole, the latter being known as 
global buckling. Figure 1.4 illustrates these concepts when applied to a panel 
with stiffeners. 
 
 
 
 
Figure 1.4. - Examples of local (left) and global (right) buckling 
 
Buckling is a common type of failure in structures and it is usually characterized 
by unstable lateral deflection before breakage. In this study, buckling has been 
examined both for panels and for stringers and stiffeners. In stringers and 
stiffeners, a specific type of local buckling named crippling is also studied. 
Crippling takes place when a small area in the stiffener’s web or foot buckles, 
whilst the buckling of the web or foot, without the buckling of the whole stiffener, 
is called local buckling. 
 
Nonetheless, buckling doesn’t necessarily lead to failure as certain laminas, if 
they are sufficiently thin or if they have the adequate stiffness, may have post-
buckling capacity. This capacity permits the structures to buckle slightly and 
then, once the load is removed, return to their original position without breaking.  
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Finally, buckling can influence the stress concentration in the zone where 
buckling has taken place. This is due to the fact that if the panel buckles, more 
strains are induced, thus, there is more stress concentration.  
 
 
1.3.4. Damage Tolerance 
 
Damage tolerance is a measure of a structure's ability to retain load-carrying 
capability after exposure to sudden loads. Basically, it is the structure’s capacity 
of withstanding loads when it is permanently damaged (due to object impacts, 
fatigue, etc) 
 
 
1.3.5. Allowables and Reserve Factors 
 
The term allowable is a very general term used to indicate a maximum 
permitted value. Allowables can refer to material allowables such as 
compression or geometric property allowables like buckling.  
 
Then, the reserve factor is defined as in expression 1.4 and should be always 
above 1.00 as applied values should not be greater than allowable ones.  
 
 
RF = allowable
applied
      (1.4) 
 
 
Throughout this study, the terms allowable and applied usually refer to 
allowable and applied flows. Flows are a measure of force distributed over a 
certain distance. Thus, they are given in N/mm. Figure 1.5 shows the 
nomenclature used. 
 
 
 
Figure 1.5. - Flows of a panel 
 
 
 
Fx 
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1.4. Finite Element Method 
 
The Finite Element Method (FEM) is a numerical technique that originated in 
the late 1950s from the needs for solving complex elasticity and structural 
analysis problems in civil and aeronautical engineering. Finite Element Analysis 
(FEA) is a computer simulation technique greatly used nowadays in engineering 
analysis, based on the Finite Element Method. This kind of computer simulation 
is strictly numerical, so it is only capable of predicting and always has a certain 
error rate. However, Finite Element Analysis is widely used in engineering as its 
results are very reliable and, also, there are many different FEA software 
available in the market. Computational analysis is a complement to the 
experimental studies, reducing the required effort in the evaluation of designs 
and the acquisition of data. FEA can be divided into three different stages: pre-
processing, resolution and post-processing.  
 
In the pre-processing stage, the structure being studied is divided into different 
non-intersecting portions, named finite elements. The system is now composed 
of a mesh of elements, which are easy to study. In each of these elements, the 
principal variables are interpolated depending on their value in multiple discrete 
points of each element. These discrete points are named integration points. 
Then, the differential equations, which govern the system, can be discretized so 
that the mathematical expressions obtained for each element will allow the 
determination of the whole system’s behaviour.  
 
The next stage is where the system of equations is solved, using informatic 
tools which can be based on any known method of resolution of linear 
equations. 
 
Finally, in the post-processing stage, the numerical results are interpreted and 
presented, aided by graphical methods.  
 
There are many FEA software available; most of them specialized in a certain 
study such as fluid dynamics, heat and mass transfer or static strength analysis. 
In the present study of the HTP’s torsion box, FEA has been used in certain 
cases, as will be seen further on. The software used for pre-processing have 
been both ANSA and PATRAN, the latter one being used also for post-
processing. As for the solver, NASTRAN has been used.  
 
Below, a brief review of the terms associated to these particular software is 
presented, as many of these terms will be used throughout the study.   
 
The finite elements used by NASTRAN can be one-, two- or three-dimensional. 
One-dimensional finite elements are those defined between two nodes, each 
node being an integration point. Such elements can simulate a rod with a 
certain area and made of a certain material, which can work in tension, 
compression and torsion. They are named CBARs or CRODs in NASTRAN, 
depending on if they can simulate bending (CBARs) or not (CRODs). CBARs, 
however, are only capable of simulating linear materials and geometries. Two-
dimensional elements are usually referred to as shells and are those defined 
between three (CTRIA3) or four nodes (CQUAD4). Finally, three-dimensional 
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elements, generally named solids, are those with six (PENTA) or eight (HEXA) 
nodes arranged in intersecting planes.  Figure 1.6 shows a CBAR, a CQUAD4 
and an HEXA. 
 
Figure 1.6. - Images of a CBAR, a CQUAD4 and an HEXA 
 
Although a node, defined as a change in the edge’s direction, is usually 
associated to an integration point, there is the option for shells and solids to add 
more integration points, that is, more nodes, in the middle of each edge. This 
way, a CQUAD8 would have eight integration points and an HEXA2, 16. 
 
 
1.5. Additional Remarks 
 
The allowables used throughout this study have been given by the 
manufacturer, as well as the expressions used to obtain certain correction 
factors. Both depend on the manufacturer’s previous experience with other 
aircrafts. 
 
The information regarding the software mentioned in this study appears in 
Appendix B. The real names of the software haven’t been given due to 
confidentiality issues, as these software have been designed by the 
manufacturer. 
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CHAPTER 2. SPARS 
 
 
The main hypotheses taken into account in the spars’ calculations are detailed 
below, as are the methods and tools used as a first approximation. When the 
analyses made using these methods didn’t comply, new, less conservative 
hypotheses were made until all the analyses complied, as is explained further 
on. Also, some of the results obtained when using FEM models are shown.  
 
 
2.1. Panels 
 
In order to carry out the buckling and strength analyses in the spars’ panels two 
different panel types have been considered: the ones with holes and the ones 
without them.  
 
 
2.1.1. Buckling in Panels without Holes 
 
Buckling for these panels has been analyzed with software A. This software is 
only capable of analysing rectangular panels with one type of ply-zone, so new 
panels equivalent to the real ones have to be obtained, as shown in figure 2.1. 
In order to be as conservative as possible, maximum distances have been 
taken into consideration in the X and Y directions with the X direction 
corresponding to the HTP span. Furthermore, if a panel is composed by 
different ply-zones, the thinner one is introduced into the software to obtain 
more conservative results.  
 
 
 
Figure 2.1. - Comparison between the real panel and the equivalent panel 
introduced into the software 
 
 
As a first approximation, the simply supported hypothesis has been considered 
to simulate, using software A, the boundary conditions that skins, ribs and 
stiffeners transmit to the panel. Torsional stiffness in the boundaries has been 
considered null except in cases where the reserve factors obtained were above 
the allowed limits, in which case these reserve factors have been recalculated 
EQUIVALENT  PANEL 
REAL PANEL 
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introducing the torsional stiffness that the skins, ribs and stiffeners transmit to 
the panel. 
 
Figure B.1 in Appendix B shows an example of an output file from software A 
for a panel in the Front Spar. 
 
As panels, stiffeners and spars’ flanges are made of a particular type of CFRP, 
the method used to obtain the stiffness in the boundaries must take into 
consideration the fact that the material is orthotropic (see Appendix C). This has 
been studied by means of the equations presented in reference [5], where this 
torsional stiffness (GIt ) is calculated with the compliance matrix terms as shown 
below in expressions 2.1 and 2.2 Figure 2.2 shows an example of a beam 
section used to calculate this stiffness.  
 
 
GIt = 4 2bfδ66( )f +
bw
δ66( )w
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟            (2.1) 
 
 
Being (δ66)f a term of the beam’s foot compliance matrix and (δ66)w, a term of the 
beam’s web compliance matrix. The compliance matrix, which is the stiffness 
matrix inverted, relates the strain and curvature vectors (vectors on the left and 
right hand side) with the in-plane forces and moments, as can be seen in 
expression 2.2. For further information, see Appendix C. 
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Figure 2.2. - Beam section 
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The torsional stiffness has been obtained by adapting equation 2.1 to the 
geometry of the boundary considered.  
 
 
2.1.2. Damage Tolerance in Panels without Holes 
 
Damage tolerance reserve factors (RFTD) have been calculated considering 
only shear flows (q) because these flows have a much higher value than the 
longitudinal and transversal flows for all the load cases being studied. Then, 
both longitudinal and transversal flows are considered negligible. This has been 
done by means of expressions 2.3 and 2.4: 
 
 
allowxyallow tGq γ⋅⋅=       (2.3) 
 
 
Then: 
 
q
qRF allowTD =             (2.4) 
 
 
Being: 
 
• q the shear flow 
• qallow the allowable shear flow 
• Gxy the panel’s shear modulus  
• t the panel’s thickness  
• γallow the allowable angular deformation 
 
The allowable angular deformation values (γallow) to be considered are 5200 με 
for lay-ups with a +/- 45º plies percentage inferior to 65 % and 7200 με for the 
other ones. 
 
 
2.1.3. Buckling in Panels with Holes 
 
Buckling in panels with holes has been studied by means of detailed models. 
Figure 2.3 shows one of the models used with the boundary conditions applied 
to it. The panels have been considered as simply supported. To simulate the 
simply supported hypothesis, Single-Point Constraints (SPC) are used in 
NASTRAN. SPCs define a set of single-point constraints where the degrees-of-
freedom must be specified. In this case, each grid on the border of the panel 
has an SPC which restrains movement only in the z (3) direction (perpendicular 
to the panel’s plane). As can be seen in figure 2.3, two other SPCs have been 
added to the model in order to avoid singularities. One of this SPCs restrains 
movement in the x (1) and y (2) directions, as well as moments in the x (4), y (5) 
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and z (6) directions. The other SPC simply restrains movement in the y (2) 
direction. 
 
A different detailed model has been created for each hole type and for each 
configuration, for example for panels with different ply-zones. The element 
length in the hole edges is 5-10 mm in order to attain the same level of 
precision that is obtained from tests. 
 
Figure 2.3. - Detailed model of a panel with a hole 
 
 
NASTRAN gives directly reserve factors for each panel. Figure 2.4 shows 
buckling results for the most critical load case in one of these panels, belonging 
to the Rear Spar. 
 
   spc in 3 (in figure axis) 
spc in 12456 (in figure axis) 
   spc in 2 (in figure axis) 
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Figure 2.4. - Buckling results for a Rear Spar’s panel 
 
 
Using this method, the reserve factors obtained for some panels were too 
conservative, in which case, an alternative method has been used. A reserve 
factor for a panel with the same width and length but without a hole is obtained 
by means of software A. In order to take into consideration the effect that the 
hole produces, a reduction factor (Kh) is calculated as follows: 
 
  
Kh = 0.85 ⋅ (1− φ /b)       (2.5) 
 
 
Being φ the hole’s diameter and b, panel’s width.  
 
 
2.1.4. Stress Concentration in Hole Edges in Panels with Holes 
 
The same models used to study buckling in panels with holes and with the 
same boundary conditions have been used in this analysis. The values 
obtained are compared with the stress concentration allowable for this type of 
studies, which is 7200με, to obtain the reserve factors. 
 
In the Front Spar, as holes have an important diameter in comparison with the 
panels’ dimensions, this method is too conservative so, an alternative method 
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has been used. First, microstrains in an infinite panel are obtained with software 
B. Then, as real panels are finite, a correction factor (kf) is applied: 
 
 
kf =
2 + 1− φ
b
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
3
3 ⋅ 1− φ
b
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
      (2.6) 
 
 
Being φ the hole’s diameter and b, the panel’s width.  
 
Finally, an example of this software’s output file is shown in figure B.2 in 
Appendix B. 
 
 
2.1.5. Interaction between Buckling and Stress Concentration in 
Panels with Holes 
 
In order to study interaction between buckling and stress concentration in 
panels with holes, results from tests performed on an anterior aircraft of the 
same manufacturer have been used. Two curves have been obtained from 
these tests for different thickness ranges that provide a strain increase in the 
hole’s edge relative to the mean strain in the hole’s edge (expressions 2.7 and 
2.8).  
 
 
εmax −εmean
εmean = f (R)             (2.7) 
 
 
buckallow
allow
q
q
R
−
−= int             (2.8) 
 
 
Being: 
 
• εmax the maximum allowable strain  
• εmean the mean strain, as calculated further on in equation 2.11 
• f(R) the experimental curves obtained in the tests 
• R the factor which indicates if there is interaction  
• qallow-int the panel’s interaction allowable shear flow 
• qallow-buck the panel’s buckling allowable shear flow, obtained by multiplying 
the buckling reserve factor (section 2.1.3) with the applied shear flow.  
 
Only shear flows have been considered for the calculations as they have a 
much higher value than the longitudinal and transversal flows for all the load 
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cases being studied. Then, both longitudinal and transversal flows are 
considered negligible. 
 
The experimental curves f(R) have been approximated by the polynomials 2.9 
and 2.10 and depend on the panels’ thickness (t): 
 
 
For t > 3.5 mm 
f (R) =1.7192R6 − 4.2506R5 + 4.2134R4 −1.8502R3 + 0.3486R2 − 0.0226R + 0.1502 
(2.9) 
 
 
For t ≤ 3.5 mm 
f (R) = −1.5691R6 + 5.455R5 − 5.6327R4 + 2.6702R3 − 0.563R2 + 0.0426R + 0.3271 
(2.10) 
 
 
The mean strain in the hole’s edge is then obtained (2.11): 
 
 
tG
q
kk
G
kkkk
xy
allow
f
xy
ffmean ·
······ int−∞∞∞ === τγε      (2.11) 
 
 
Being: 
 
• ∞k  the stress concentration factor in the hole’s edge for an infinite panel 
obtained by means of software B 
• fk the correction factor for the finite panel, as calculated in equation 2.6 
• γ the shear strain 
• τ the shear stress 
• Gxy the panel’s shear modulus 
 
Thus, an equation to solve R is obtained (2.12): 
 
 ( ))(1····max RfRRFkk buckf += ∞ε    (2.12) 
 
   
Where εmax is 7200με and )·( tGqRF xybuckallowbuck −= . RFbuck is given directly by 
NASTRAN, as explained in section 2.1.3. 
 
Tests performed by the manufacturer on an anterior aircraft have shown that if 
R > 1 there is no interaction. As well as if 5.2/ >−− stressallowbuckallow qq , where qallow-
buck is the panel’s buckling allowable shear flow and qallow-stress is the panel’s 
stress concentration allowable shear flow.  
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In these cases there is no interaction because the failure modes are then 
considered to be too far away from each other. This is due to the fact that if the 
panel buckles, more strains are induced, thus, there is more stress 
concentration. If the panel fails first due to stress concentration and this 
happens long before the failure due to buckling occurs, then buckling is 
considered to not influence the failure due to stress concentrations.   
 
 
Most panels didn’t have any interaction between buckling and stress 
concentration. But, for the ones which did have this interaction, a detailed 
model was done in order to obtain more realistic buckling and microstrain 
results. In this way, applying equation 2.12 again, there was no interaction. 
Detailed models showing static and buckling analyses in one of these panels 
are shown in figures 2.5 and 2.6. 
 
 
 
 
Figure 2.5. - Stress concentration results 
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Figure 2.6. - Buckling results 
 
  
2.1.6. General Buckling in Panels without Holes 
 
General buckling in panels without holes has been calculated by means of 
software A, considering the panels as simply supported in ribs and in the spars’ 
flanges. The stiffeners’ properties are also introduced. As for panel buckling, in 
the cases where the reserve factor target is not reached, torsional stiffness is 
also considered with the method already presented in section 2.1.1.  
 
However, the reserve factors obtained using software A are too conservative, 
even considering torsional stiffness at boundaries, for certain panels in the Rear 
and Front Spars. A detailed FEM model has been made in order to obtain a 
more realistic general buckling reserve factor in these cases. Figure 2.7 shows 
the results obtained for one of these panels in the Rear Spar. 
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Figure 2.7. - General buckling for a panel in the Rear Spar 
 
 
2.1.7. General Buckling in Panels with Holes 
 
General buckling in panels with holes has been studied in the same way as in 
panels without holes. The panel with holes has been considered to be 
equivalent to a panel without holes and without reinforcement (see Appendix A 
for more information on the spar’s reinforced zone). In order to evaluate if this 
consideration is conservative enough, a comparison between their allowables 
considering the flows in X and Y, XY and Y, and XY and X directions has been 
done. A graphic has been plotted for each set of equal panels with the 
allowable flows obtained first, using a detailed FEM model with the real lay-ups 
in the reinforced area and the holes and, then, using software A with the lay-up 
corresponding to the zone without reinforcement and without the holes, as this 
software doesn’t consider them. 
 
When the results obtained using software A are less conservative than those 
obtained using the detailed model (FA> FFEM), a correction factor has been 
calculated dividing FxyA by FxyFEM for flows Fy=0 and Fx=0, FxA by FxFEM for 
Fxy=0, FyA by FyFEM for Fxy=0, etc. Then, the highest value obtained from all 
the divisions is used as a correction factor KA (expression 2.13) to obtain a 
more conservative value, RFcorrected, for the reserve factor obtained using 
software A (expression 2.14). 
 
 
(maximum)
FEM
A
A
F
F
K =      (2.13) 
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RFcorrected = RF
KA
    (2.14) 
 
 
As this is a fairly conservative method, some panels didn’t comply (RFcorrected < 
1) in which case RF was calculated again using software A but introducing 
torsional stiffness in its borders. 
 
Figures 2.8, 2.9 and 2.10 show these equivalences for three different panels, 
two in the Rear Spar and one in the Front Spar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 2.8. - Equivalence of a panel in the Rear Spar (1) 
 
 
 
Figure 2.9. - Equivalence of a panel in the Rear Spar (2) 
 
 
No correction factor is needed for these webs as software A’s results 
are always more conservative than FEM results. 
 
 
 
 0Fyfor      
Fxy
FxyCF1
FEM
A ==   CF1= 3821
2351
=1.62  
 0Fxfor      
Fxy
FxyCF2
FEM
A ==    CF2 = 3821
2351
=1.62  
Then, KA = 1.62 
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Figure 2.10. - Equivalence of a panel in the Front Spar 
 
 
The reserve factor obtained for one of the Front Spar’s panels using software A 
was too conservative, even when considering torsional stiffness at boundaries, 
so a detailed FEM model has been made in order to obtain a more realistic 
reserve factor for general buckling. Figure 2.11 shows the results obtained for 
this model. 
 
 
 
Figure 2.11. - General buckling results for the Front Spar’s panel using a 
detailed model 
 
KA = 1.62 
   
 0Fyfor      
Fxy
FxyCF1
FEM
A ==   CF1 = 932
454.72
= 2.0496  
 0Fxfor      
Fxy
FxyCF2
FEM
A ==   CF2 = 932
454.72
= 2.0496  
Then, KA = 2.05 
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2.1.8. General Buckling in Panels Considering Bending 
 
Here general buckling in panels has been studied considering shear flows 
coming from the CQUADs that represent the panel in the FEM model and 
adding the bending contribution. There are two methods depending on if the 
panels being studied have holes or not. 
 
In order to obtain flows due to bending, microstrains at CRODS in the upper 
and lower flanges of the spar must be obtained, as in expression 2.15. CROD 
microstrains are considered to be the same as CQUAD ones. This is because 
the CQUADs don’t represent the upper and lower flanges so, no microstrains 
can be obtained from them. 
 
 
 
ε = P1
E1 ⋅ A1
       (2.15) 
 
 
Where: 
 
• E1 is the spar’s Young modulus and A1 the spar’s area 
• P1 is the spar’s force, obtained in the following way: 
  
 
 21 εε =           (2.16) 
 
  
 
P1
E1 ⋅ A1
= P2
E2 ⋅ A2
      (2.17) 
 
 
 P1 = P
1+ E2 ⋅ A2 E1 ⋅ A1
     (2.18) 
 
 
Being: 
 
• 1ε  the spar’s microstrains and 2ε  the Upper or Lower Skin’s microstrains  
• E2  the Upper or Lower Skin’s Young modulus  
• A1 the Upper or Lower Skin’s area 
• 21 PPP +=  
 
So, bending flows (qbending) are calculated as follows: 
 
 
tEq sparbending ⋅⋅= ε      (2.19) 
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Being ε the microstrains from the flange, Espar the elastic modulus in the 
longitudinal direction of the spar’s flange and t the flange’s thickness. 
 
Two different bending flows are calculated for each panel, one for the CROD 
representing the spar’s flanges in the Upper Skin, qupper, and another one for the 
Lower Skin, qlower. Then, a lineal distribution is done to obtain the bending flows 
throughout the panel’s longitudinal direction, as shown in Figure 2.12. 
 
 
Figure 1.12. - Lineal distribution of the bending flows throughout the 
longitudinal direction of a panel 
 
 
2.1.8.1. Method 1: Panels without Holes 
 
The first step consists in calculating the reserve factor by means of software C 
considering the panel’s thickness (the thinner one) and without taking stiffeners 
into consideration.  
 
Next, a new calculation with software D is done, without stiffeners but 
considering reinforcement in the flanges. Flows in the flange’s zone are 
calculated with the flange’s properties and flows in the panel’s zone are 
calculated with the panel’s properties. A correction factor is then calculated 
dividing the reserve factor obtained with software C by the one obtained with 
software D in order to know the flange’s effect. 
 
Finally, a reserve factor with software C considering the minimum thickness and 
stiffeners is obtained. This factor is corrected with the correction factor 
calculated previously, and this will be the reserve factor for buckling in panels 
without holes considering bending. 
 
An example of software C’s and software D’s output files can be found in 
Appendix B (figures B.3 and B.4 respectively). 
 
 
2.1.8.2. Method 2: Panels with Holes 
 
In panels with holes, first, a reserve factor is obtained by means of software C, 
considering stiffeners and the minimum thickness. Then, FEM models are 
constructed for the most critical panels in order to evaluate if the reinforcement 
qupper 
qlower 
Upper flange 
Lower flange 
Rib  Rib  
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zone with the hole is more or less conservative than the original panel 
introduced into software C. Dividing the reserve factor obtained from the FEM 
model by the reserve factor of the same panel obtained by means of software 
C, a correction factor for panels with holes is obtained.  
 
The correction factor is obtained for the most critical zones and, then, the same 
factor is applied for similar configuration zones (dimensions, lay-ups, etc.) This 
factor is then used to correct de reserve factor of each panel obtained with 
software C.  
 
The procedure used to obtain the FEM reserve factors used in the correction 
factor is explained further on in section 2.1.9. 
 
 
2.1.9. Models for General Buckling in Panels Considering 
Bending 
 
This study consists in the generation of three models, all of them simply 
supported with two SPCs restricting the X and Y directions the first one and the 
Y direction the second one. The grid points with the SPCs belong to the model’s 
symmetry axis.  
 
 
2.1.9.1. First Model 
 
In this model, enforced displacements due to bending and compression are 
imposed in the sides parallel to the Y direction. Forces at these grid points are 
then extracted. An example of the first model is shown in figure 2.13. 
 
 
Figure 2.13. - Example of the first model 
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2.1.9.2. Second Model 
 
In this model, shear forces extracted from model 1 are introduced. In sides 
parallel to the Y direction (and in horizontal stiffeners, if there are any), beams 
with inertias 4 magnitudes bigger than the rest of the model and with a unitary 
area are introduced in order to prevent non-linear displacements. Enforced 
displacements are then extracted from the entire contour. An example of the 
second model is shown in figure 2.14. 
 
 
Figure 2.14. - Example of the second model 
 
 
2.1.9.3. Third Model 
 
This model, like model 1, no beams, and enforced displacements from model 2 
are introduced. It is from this model that buckling results are obtained. An 
example of the third model is shown in figure 2.15. 
 
 
Figure 2.15. - Example of the third model 
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2.2. Stiffeners 
 
In the official global Finite Element Model described in Appendix A, which is the 
model from where flows have been obtained, stiffeners in spars were not 
represented, as is shown in figure 2.16. Given that only one element represents 
the spars’ panels between ribs, there are no specific flows for stiffeners, so the 
equivalent load in stiffeners has had to be deduced from the flows in the 
CQUAD elements representing the panel where each stiffener belongs to.  
 
 
Figure 2.16. - Official global FEM model 
 
 
Another difficulty found in the study of the buckling in stiffeners is the fact that 
there is no specific software to analyze it for composite materials. So, a study 
with a known isotropic material has been carried out and the equivalence 
between it and the orthotropic material has been formulated in order to obtain 
the allowable load for CFRP stiffeners, as explained further on in section 2.2.2. 
 
 
2.2.1. Equivalent Load in the Stiffeners 
 
The equivalent load in stiffeners has been calculated as follows: 
 
Peq = Fy 2 + Fxy 2 ⋅ωcr       (2.20) 
 
 
Where Fy is the transversal flow and Fxy the shear flow. Also, considering that 
the most critical load case is the one that maximizes the expression Fy 2 + Fxy 2  
with a negative Fy, because buckling only occurs in compression load cases.  
 
ωcr is the stiffener’s foot width together with the spar that works at buckling as a 
stiffener, known as the effective stiffener’s foot width. ωcr is an incognita at this 
level, so Peq is a function of it. 
 
The critical buckling load has been calculated by means of the Euler equation 
(2.21) as follows: 
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Pcr = π
2 ⋅ E ⋅ I
L2
      (2.21) 
 
 
Where E is the stiffener’s Young Modulus, I is the stiffener’s inertia and L is the 
stiffener’s length.  
 
 
 
Figure 2.17. - Stiffener’s geometry 
 
 
As a first approach, only a stiffener’s width equal to the stiffener’s web 
thickness, b (see figure 2.17), has been considered to obtain the inertia (2.22), 
as this is the minimum width the stiffener can possibly have. This way, the 
buckling load calculated with equation 2.21 is the smallest possible. 
 
 
I = b ⋅ h
3
12
      (2.22) 
 
 
The effective stiffener’s foot width, ωcr, that equals the equivalent load, Peq 
(2.20) to the critical load, Pcr (2.21) is then obtained. 
 
ωmax is the maximum distance between the ‘supports’ nearest to the stiffener on 
either side (an example is shown in figure 2.18).  
 
If  ωcr < ωmax, then Peq = Fy 2 + Fxy 2 ⋅ωcr   
 
In case that ωcr > ωmax, then Peq = Fy 2 + Fxy 2 ⋅ωmax  
e 
b
b/2 
h
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Figure 2.18. - ωmax definition 
 
 
For horizontal stiffeners, the same method is used but replacing Fy with Fx in 
the equations. 
 
 
2.2.2. Buckling Analysis in Stiffeners 
 
Although software E only analyses buckling for metallic columns, the 
equivalence between an isotropic material and an orthotropic one can be 
carried out as is exposed in reference [5].  
 
Equations governing buckling loads in isotropic and orthotropic columns differ 
only in their stiffness matrix, so buckling loads in an orthotropic column can be 
obtained replacing isotropic stiffness with the orthotropic one. 
 
 
 
Table 2.1. Equivalence between isotropic and orthotropic columns’ properties 
 
Property Isotropic columns Orthotropic columns 
Tensile stiffness EA EA 
Bending stiffnesses EIyy, EIzz, EIyz EIyy,EIzz,EIyz  
Torsional stiffness GIt GI  
Warping stiffness EIw EIw  
 
 
Then, in order to obtain the bending stiffness in the transversal direction of an 
orthotropic column ( EIyy) the following equations are used: 
 
 
Studied stiffener  
Support 2: rib 
Support 1: stiffener 
maxω  
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EIyy = bf 1(α11) f 1 d − zC( )
2 + bf 2
(α11) f 2 zC
2 + bf 1
(δ11) f1 +
bf 2
(δ11) f 2 +
1
(a11)w
bw1
3 + bw23
3
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟  (2.23) 
 
 
With        
 
zC = 1EA
bf 1
(α11) f 1 d +
bw
(a11)w
zw
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟    (2.24) 
 
 
And      
 
EA = bf 1
(α11) f 1 +
bf 2
(α11) f 2 +
bw
(a11)w
    (2.25) 
 
 
Figure 2.19 shows a beam section and its characteristic distances, used in the 
equations above. However, these expressions have been adapted to the 
stiffener’s geometry, which differs slightly from the beam section shown, as the 
stiffeners have one only foot. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19. - Beam section 
 
 
The rest of variables needed to obtain the stiffnesses using the expressions 
above are part of the web’s (w) or foot’s (f1, f2) compliance matrices shown in 
section 2.1.1. However, when the laminate is symmetrical (for the stiffener’s 
web, in this case) the compliance matrix is expressed as follows (see reference 
[5]):  
 
   
 
 
 
  (2.26) 
      
 
bw1 
bw2 
bw 
  d 
bf2 
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  f2 
  Zw 
bf1
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⎦
⎤
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Where the terms aij and dij are terms of the symmetrical laminate’s compliance 
matrix. For further information, see Appendix C. 
 
For the stiffener’s foot the laminate is not symmetrical because they are 
considered together with the spar.  
 
The properties of the isotropic material chosen to obtain an isotropic allowable 
(Pallow-isotr,) using software E are shown below in figure 2.20 and have been 
extracted from a database provided by the manufacturer containing information 
on the properties of different metallic materials. 
 
 
 
 
Figure 2.20. - Characteristics of the chosen isotropic material 
 
 
In Appendix B an example of an output file of software E can be found (figure 
B.5). 
 
 
With the results obtained, and applying equation 2.27, the allowable for the 
orthotropic column, Pallow-orth, is found.  
 
 
Pallow− isotr
Pallow−orthr
= EIyy
EIyy
      (2.27) 
 
 
Finally, the reserve factor can be calculated by dividing the allowable Pallow-orth 
by the real buckling, Peq, found in section 2.2.1. 
    Valores de las propiedades mecánicas 
    ------------------------------------  
-------------------------------------------------------------------- 
| Esfuerzo último a tracción           | Ftu  =      517.1   N/mm² | 
|                                      |                           | 
| Esfuerzo de fluencia a tracción      | Fty  =      482.6   N/mm² | 
|                                      |                           | 
| Esfuerzo de fluencia a compresión    | Fcy  =      434.4   N/mm² | 
|                                      |                           | 
| Esfuerzo último a cortadura          | Fsu  =      255.1   N/mm² | 
|                                      |                           | 
| Esfuerzo último a aplastamiento      |                           | 
|                           e/D = 1.5  | Fbru =      689.5   N/mm² | 
|                           e/D = 2.0  | Fbru =      868.7   N/mm² | 
|                                      |                           | 
| Esfuerzo de fluencia a aplastamiento |                           | 
|                           e/D = 1.5  | Fbry =      606.7   N/mm² | 
|                           e/D = 2.0  | Fbry =      717.1   N/mm² | 
|                                      |                           | 
| Alargamiento último                  | e    =          4 %       | 
|                                      |                           | 
| Módulo elástico a tracción           | E    =     79290.   N/mm² | 
|                                      |                           | 
| Módulo elástico a compresión         | Ec   =     81360.   N/mm² | 
|                                      |                           | 
| Módulo elástico a cortadura          | G    =     29650.   N/mm² | 
|                                      |                           | 
| Módulo de Poisson                    | µ    =       0.34         | 
-------------------------------------------------------------------- 
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2.2.3. Strength Analysis in Stiffeners 
 
The study of the stiffeners’ strength has been carried out analytically, as 
follows: 
 
 
ε = P
EA
       (2.28) 
 
 
RF = εadm /ε      (2.29) 
 
 
Where: 
 
• P=Peq, calculated as in section 2.2.1. 
• admε  is the allowable strain in the longitudinal direction, which is 13750 
for tensile strain and 7615 for compressive strain (see Appendix A). 
 
 
2.2.4. Crippling Analysis in Stiffeners 
 
The stiffeners’ crippling has been analyzed with software F, which gives ‘local 
buckling’ microstrains and ‘crippling’ microstrains. Then, the reserve factor is 
obtained as follows:  
 
 
RF = max { εlocal-buckling; εcrippling } / εcompression-strength   (2.30) 
 
 
In Appendix B an example of the results obtained using this program is shown 
in figure B.6. 
 
 
2.2.5. Alternative Method to Calculate the Equivalent Load (1) 
 
The method presented in section 2.2.1 to calculate the equivalent load in 
stiffeners is a very conservative method because it considers that the stiffeners 
suffer important flows coming from the panels. A more realistic approach is 
presented below. This approach has been used, for example, for crippling 
analysis when the reserve factors obtained with the more conservative 
equivalent loads were inferior to 1.10. 
 
By means of software A, the buckling reserve factor (λ, in equation 2.32) is 
obtained considering the whole panel between rib and rib and without stiffeners. 
This reserve factor depends on the panel’s dimensions and on the flows applied 
to it. 
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Next, shear flows are translated into longitudinal flows in the stiffener direction 
(see reference [4]) as shown in figure 2.21, so the total loads in stiffeners are: 
 
 
PyTOT = ( 2 ⋅ Fxy + Fy) ⋅ ωcr      (2.31) 
 
 
As in section 2.2.1, if  ωcr  > ωmax , ωmax  is taken to calculate PyTOT.  
Figure 2.21. - Shear flow decomposition 
 
 
PyTOT has been considered to be distributed between the stiffener and the spar 
panel, taking into account that (λ·PyTOT) is absorbed by the panel and                
(1-λ)·(PyTOT) by the stiffener, so: 
 
 
Peq = (1-λ)·PyTOT     (2.32) 
 
 
In the cases where this method gives reserve factors below the target values, a 
more realistic approach has been considered by means of software D, which 
allows the input of different ply-zones. 
Finally, the PyTOT obtained with this method is higher than with previous one, 
but when (1-λ)·(PyTOT) still produced too conservative reserve factors, the same 
method was used but taking PyTOT from the original method (see section 2.2.1). 
 
 
2.2.6. Alternative Method to Calculate the Equivalent Load (2) 
 
In the case that all the previous methods presented to calculate the equivalent 
load in stiffeners were not effective, a definitive method has been taken into 
consideration. 
 
This method is based on the assumption that the panel alone, without the 
stiffener, will support the loads until it is about to buckle. The value of the 
applied flows the moment immediately before the panel buckles are the 
buckling loads Fxbuck, Fybuck and Fxybuck. These loads have been determined by 
means of software A, calculating the buckling flows of the panel but without 
considering the stiffener, so the panel’s equivalent load, Peq-panel, is obtained as 
follows: 
q q 
q 
q 
= 
q q
qq
= 
q
q
q2
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( ) max22 ω⋅+=− buckbuckpaneleq FxyFyP      (2.33) 
 
 
Then, the rest of the flows applied are considered to be supported by the 
stiffener, who prevents buckling in the panel by bringing stiffness to it.  
 
The equivalent load Peq, which is obtained as in paragraph 2.2.1, is considered 
to be the total load absorbed by the panel and the stiffener together. Therefore, 
the load to be applied to the stiffener, Peq-stiff, is: 
 
 
paneleqeqstiffeq PPP −− −=       (2.34) 
 
 
Where Peq-panel is the load absorbed by the panel, obtained from expression 
2.33.  
 
 
2.3. Sizing and Typical Selected Load Cases 
 
The internal load cases used in the calculations have been provided by the 
manufacturer and represent all the possible loads the HTP could suffer during 
its useful life. They cover both normal (flight and ground) and extreme (leading 
to failure) cases. They are divided in two groups: torsion box load cases and 
elevator load cases. The first group includes all those load cases generated 
considering all the possible loads the torsion box could carry whilst the second 
one considers all the possible loads the torsion box could carry, together with 
the elevator. 
 
Unless it has been indicated otherwise, all the load cases have been 
considered in the analyses and calculations carried out. 
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CHAPTER 3. SKINS 
 
 
The main hypotheses taken into account in the skins’ calculations are detailed 
below, as are the methods and tools used as a first approximation. As in the 
study of the spars, when the analyses made using these methods didn’t 
comply, new, less conservative hypotheses were made until all the analyses 
complied. 
 
 
3.1. Panels 
 
In order to carry out the buckling and strength analyses in the skins’ panels, the 
same distinction between panels with holes and panels without holes made in 
the spars’ study has been made.  
 
 
3.1.1. Buckling in Panels without Holes 
 
Buckling for these panels has been analyzed by means of software G. The 
panels are defined as a panel delimited by two ribs and two consecutive 
stringers. Furthermore, if a panel is composed by different ply-zones, the 
thinner one is introduced into the software in order to obtain more conservative 
results.  
 
For local buckling analysis cases, software G considers the panel only 
supported by its edges. 
 
The stringers are considered to be either cocured or cobonded6 to skin, 
depending on the zone of the skin where they are. Also, the ribs are considered 
to be joined to the skin directly and not joined to the stringers. Generally, the 
panels and stringers are considered to be simply supported. However, this is 
too conservative for some panels and stringers because ribs are supported at 
the stringers’ foot. So, in more critical cases, a new consideration between the 
simply supported hypothesis and the embedded one has been taken into 
account. 
 
An example of software G’s output file for part of the Lower Skin is shown in 
Appendix B (figure B.7). 
 
 
                                            
6 A cocured stiffener is a stiffener that has been cured and simultaneously bonded to the skin. A 
cobonded stiffener has been cured first and, afterwards, bonded to the skin. Both terms apply to 
composite stringers and skins.  
To cure is to change the physical properties of a material irreversibly by chemical reaction via 
heat and catalysts, alone or in combination, with or without pressure. 
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3.1.2. General Buckling in Panels without Holes 
 
Software G considers the stringers’ foot joined to the skin. The two panels 
considered at each stringer side can have different lay-ups. For panels with 
thickness inferior to 3.6 mm (20 plies) a post-buckling coefficient of 10% has 
been considered. For panels with thickness inferior to 2.52 mm (14 plies) a 
post-buckling coefficient of 20% has been introduced. Both values have been 
provided by the manufacturer, who extracted them from tests. 
  
To analyse the panel’s buckling, software G gives all the possible buckling 
failures: X direction compression buckling, local X direction compression 
buckling, positive shear buckling, local positive shear buckling, negative shear 
buckling and local negative shear buckling.  
 
 
3.1.3. Damage Tolerance in Panels without Holes 
 
Software G gives damage tolerance reserve factors for panels without holes. 
The allowable considered is 3600 µε for tension and for compression. 
 
 
3.1.4. Damage Tolerance in Rib Angles 
 
In the analysis of buckling in panels using software G, the panels closest to the 
HTP tip didn’t comply. The buckling in these panels is due to the transversal Fy 
flow, which is held by the panels but also by the rib angles. A new buckling 
analysis has been conducted but without considering the Fy flow and, then, the 
damage tolerance of the rib angles has been studied for each of these ribs. In 
most cases the rib angles didn’t comply as the transversal flow is not only held 
by the rib angles, but also by the rib where the angle is found and part of the 
skin where the rib is riveted, which is considered to be a rigid zone where no 
buckling takes place (equivalent distance, b). So, a less conservative approach 
has been taken. The skin area studied in the new damage tolerance analysis is 
shown shaded in figure 3.1.  
 
All the equations presented below have been given by the manufacturer. They 
are based on other references and on previous experience with other aircraft.  
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Figure 3.1. - Skin area considered for the damage tolerance analysis 
 
 
Where bi is the equivalent distance, obtained by equalizing equation 3.1 and 
3.2.  
 
iiallowi tEFy ⋅⋅= ε      (3.1) 
 
 
Being: 
 
• Fyi the transversal flow in panel i 
• εallow the allowable strain (3600με) 
• Ei the elastic modulus of the skin in panel i 
• ti the skin thickness of panel i 
 
 
Fyi = kπ
2 D11 ⋅ D22
bi
2 + 2π
2D0
bi
2    (3.2) 
 
 
Where: 
 
⎥⎥⎦
⎤
⎢⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛+⎟⎠
⎞⎜⎝
⎛=
22
m
xmk α         (3.3) 
 
 
With:   
 
( )1+= mmα      (3.4) 
 
 
x = a
bi
D22
D11
4      (3.5) 
 
a 
d1 d2 
Web 1 Web 2 
Rib  Rib  Rib  
Stringer 
Stringer 
b1 b2 
x 
y 
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66120 2DDD +=     (3.6) 
 
 
Being: 
 
• bi panel i’s equivalent distance 
• m the buckling mode that minimizes k 
• D11, D12, D22 and D66 terms of the stiffness matrix (see 3.7) corresponding 
to panel i’s skin. 
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Once b1 and b2 are obtained, the total strain can be calculated. The area 
considered for this calculation is the one that holds the Fy flow (see figure 3.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. - Skin, rib and rib angle zone that holds the transversal flow 
 
 
The total strain, ε, is obtained using the following equation: 
 
 
b1 + b2 
skin
rib angle 
rib 
Arib= 20·trib2 
trib 
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ε = PTOT
E1 ⋅ t1 ⋅ b12 + E 2 ⋅ t2 ⋅
b2
2
+ Aang ⋅ Eang + Arib ⋅ E rib
        (3.8) 
 
 
Where:  
 
PTOT = Fy1 ⋅ d12 + Fy 2 ⋅
d2
2
+ Pcrod     (3.9) 
 
 
Being: 
 
• Fy1 and Fy2 the transversal flows of panel 1 and 2, respectively 
• d1 and d2 the width of panel 1 and 2, respectively 
• Pcrod the load on the CROD of the official global FEM model between panels 
1 and 2 
• E1 and E2 the elastic modulus of panel 1 and 2, respectively 
• t1 and t2 the minimum thickness of panel 1 and 2, respectively 
• b1 and b2 the equivalent distances obtained above 
• Aang the area of the rib angle 
• Eang the elastic modulus of the rib angle 
• Arib the area of the rib, as shown in figure 3.2. 
• Erib the  elastic modulus of the rib 
 
The total strain ε obtained is then compared to the allowable strain, which is 
3600 με. 
 
 
3.1.5. Stress Concentration in Manholes 
 
In order to study the stress concentration in manholes, a panel limited by ribs in 
each side and extending until the third stringer both above and below each 
manhole has been taken. This panel has been divided into six different sub-
panels. Each sub-panel is delimited by two stringers, one above and one below, 
and the central ones are the panels that contain the manholes. Loads for these 
six elements in the global FEM model are the ones considered to compare 
them with the allowable values. Figure 3.3 shows these six sub-panels for a 
manhole in the Lower Skin. 
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Figure 3.3. - Manhole panel in the Lower Skin 
 
 
A FEM model with this geometry considering the panel and the adjacent ones, 
and with unitary flows is generated by software H1. An example is shown in 
Figure 3.4. The adjacent panels may or may not have manholes. The generated 
file can be directly processed with NASTRAN. Afterwards, by executing the 
software H2, the failure envelopes for each sub-panel can be obtained (an 
example of software H2’s output file is shown in Appendix B, figure B.8).  
 
 
 
Figure 3.4. - Example of the geometry generated by software H1 
 
 
The sub-panels in Manhole 1 and Manhole 2 have been considered as one only 
sub-panel in the FEM model generated by software H1. Consequently, one only 
failure envelope has been generated for both sub-panels. 
 
For each sub-panel a graphic has been plotted showing its failure envelope and 
its microstrains values, γ and ε, for all the load cases. γ and ε have been 
obtained using the following equations:  
 
Stringer  
Stringer  
Stringer  
Stringer  
Stringer  
Stringer  
Stringer  
Inferior distant 
Manhole 2 
Inferior adjacent  
Manhole 1 
Superior adjacent  
Superior distant 
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tG
Fxy
xy ⋅=γ                (3.10) 
 
 
AE
dFx
⋅
⋅=ε      (3.11) 
 
 
Being: 
 
• Fxy and Fx the shear and longitudinal flows of the sub-panel 
• Gxy the shear modulus of the panel 
• t the thickness of the sub-panel  
• d the width of the sub-panel 
• A the transversal area of the sub-panel 
• E the longitudinal elastic modulus of the sub-panel 
 
If a sub-panel is made of more than one ply-zone, then the properties 
considered for the analysis are those of the thinnest zone. 
 
The sub-panels in Manhole 1 and Manhole 2 have been plotted separately, 
using the same failure envelope for both but applying different flows to find γ 
and ε. This is because in the global model used to obtain the flows there are 
two elements to represent the Manhole 1 and Manhole 2 sub-panels, one 
element per sub-panel.  
 
Once all these values have been plotted, it must be verified that none of the 
microstrain values fall outside the failure envelope. Then, the lowest RF for 
each graphic can be obtained by taking the load case whose microstrain value 
is closest in absolute terms to the failure envelope and dividing the absolute 
value of the envelope by the absolute value of the microstrain value found in the 
same line, as shown in figure  3.5. 
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Figure 3.5. - Calculation of the reserve factor for the sub-panel Manhole 1 of 
one of the manhole panels in the Lower Skin 
 
 
Figures 3.6 and 3.7 show the graphic plotted for each sub-panel of two different 
manhole panels in the Lower Skin. Each graphic shows the sub-panel’s failure 
envelope and its microstrains values, γ and ε, for both the torsion box and the 
elevator load cases. 
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Figure 3.6. - Graphics for the sub-panels in one of the manhole panels in the 
Lower Skin (1) 
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Figure 3.7. - Graphics for the sub-panels in one of the manhole panels in the 
Lower Skin (2) 
 
 
3.1.6. Buckling Analysis in the Leading Edge 
 
Buckling analysis in the leading edge has been done with software D. Here, the 
leading edge refers to the part of the skin joined to the Front Spar and closest to 
the leading edge. The panels considered for this analysis are those comprised 
between two ribs, the leading edge and the skins’ stringer closest to the leading 
edge. These panels aren’t rectangular so an approximation is necessary to 
obtain the equivalent panels which can be introduced into the software, as 
shown in figure 3.8. 
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Figure 3.8. - Real panel and equivalent panel 
 
 
The stringer’s foot is taken into account in the calculations so that the 
equivalent panel is considered to be made of two different ply-zones. One zone 
is the actual ply-zone of the real panel and the other zone is the sum of the 
panel’s real ply-zone and the ply-zone of the stringer’s foot. 
 
Software D admits ply-zone changes only in the Y direction so, if there is a ply-
zone change in the X direction of the real panel, the ply-zone introduced into 
the software is the thinnest one.  
 
The Fy and Fxy flows introduced into the zone with the actual ply-zone of the 
real panel are given by the manufacturer, and correspond to the most critical 
load cases. These flows are produced using the global FEM model, so each 
element represented in this model gives a set of flows. Thus, the equivalent 
panel obtained from the real panel (figure 3.8), in the global FEM model 
corresponds to a CROD element (representing the stringer) and one or more 
CQUAD elements contiguous in the Y direction (representing the panel). Then, 
Fx flows are obtained in the same way as Fy and Fxy flows, but must be 
recalculated imposing equal strains in the axial direction for all the elements in 
the global FEM model of a same panel. Here, the element above the stringer 
closest to the leading edge is also considered. The total axial unitary strain 
(εTOT) of the elements of a same panel must be obtained as follows: 
 
 
NN dFxdFxdFxPTOT ⋅⋅⋅= +++ ...2211         (3.12) 
                                   
 
Where: 
 
d
AEFx ⋅⋅= ε             (3.13) 
 
 
 
Stringer 
Leading edge 
Rib Rib 
x 
y x/2 
Real panel 
x 
y x/2 
Equivalent panel 
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 Then: 
 
PTOT = ε1 ⋅ E 1 ⋅ A1 + ε 2 ⋅ E 2 ⋅ A 2 + ... + εN ⋅ EN ⋅ AN             (3.14) 
 
 
If equal deformations in the axial direction for all the elements are imposed: 
 
 
NN
NN
TOT
AEAEAE
dFxdFxdFx
⋅++⋅+⋅
+++ ⋅⋅⋅=
...
...
2211
2211ε        (3.15) 
 
 
Being: 
 
• PTOT the total compression load on the panel 
• Fxi the compression flow for each element 
• εi the axial deformation of each element 
• Ei longitudinal elastic modulus of each element 
• Ai the transversal area of each element  
• di the width of each element  
 
Finally, the Fx flows of each element can be calculated again taking into 
consideration the new total axial unitary deformation (εTOT): 
 
 
d
AEFx TOT ⋅⋅= ε        (3.16) 
 
 
The Fy and Fxy flows introduced into the zone which is the sum of the panel’s 
real ply-zone and the ply-zone of the stringer’s foot are null. To obtain the Fx 
flows through the semi-foot of the stringer the following expressions are used: 
  
 
2l
PFx fl=             (3.17) 
     
 
Where : 
    
Pfl = Afl ⋅ Pstr
Astr
     (3.18) 
 
 
And:  
 
Pstr = εTOT ⋅ Estr ⋅ Astr        (3.19) 
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Being: 
 
• Pfl the loads applied on the stringer’s foot 
• L the width of the stringer’s foot 
• Afl the transversal area of the stringer’s foot 
• Pstr the loads applied on the whole stringer 
• Astr the transversal area of the whole stringer 
• εTOT the new total axial unitary strain calculated above 
 
Once the software D is executed, the buckling reserve factors for each panel 
are directly given in the result files obtained. 
 
 
3.1.7. Damage Tolerance Analysis in the Leading Edge 
 
In order to obtain the flows needed to do the damage tolerance analysis in the 
leading edge, the same panels as in the leading edge’s buckling analysis have 
been considered. The Fx flows have been obtained in the same way: they were 
given by the manufacturer first and then recalculated by imposing equal 
deformations in the axial direction for all the elements of a same panel. The 
total axial unitary deformation (εTOT) of the elements of a same panel is obtained 
in a similar way but taking into account both tension and compression loads. 
Thus, expression 3.15 is used but now PTOT is the total tension/compression 
load on the panel and Fxi is the tension/compression flow for each element 
 
Finally, the damage tolerance reserve factor is obtained: 
 
 
TOT
allowRF ε
ε=        (3.20) 
 
 
Being  εallow the allowed microstrain, which has a value of 3600 με. 
 
 
3.2. Stringers 
3.2.1. Local Buckling and Crippling Analysis in Stringers 
 
Both local buckling and crippling analyses in stringers are carried out by means 
of software G. 
 
A reduction factor of 0.8 has been considered in order to obtain the shear 
modulus in the stringers’ normal plane. This is because whenever there are 
certain doubts as to the exactitude of the software used and, also, when using 
information obtained from tests, the values are reduced 0.8 to take into account 
the margin of error. 
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3.2.2. Stringer and Skin Buckling as a Column 
 
This analysis is also carried out by means of software G. 
 
Again, a reduction factor of 0.8 has been considered in order to obtain the 
shear modulus in the stringers’ normal plane.  
 
Each stringer and adjacent panels are considered together acting like a column, 
subject only to a compression load. 
 
 
3.3. Sizing and Typical Selected Load Cases 
 
The internal load cases used in the calculations are the same ones as those 
used for the calculations of the spars. All load cases described in section 2.3 
(torsion box and elevator cases) have been considered in the analysis of the 
skins, unless indicated otherwise. 
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CONCLUSIONS 
 
 
In this report the methods used and hypotheses considered in the static 
strength justification of the torsion box of an aircraft’s horizontal tail-plane have 
been presented. The aim of obtaining a valid static strength justification has 
been achieved and none of the spars’ and skins’ calculations yielded values 
that exceeded the given allowable values.  
 
However, almost all the reserve factors obtained have values between 1.00 and 
5.00, rarely exceeding 10.00. This might seem very thin for a safety margin, but 
in the aeronautic industry, unlike in other industries, components are designed 
to the load. Aerospace vehicles operate in a well defined, well tested, operating 
envelope.  The higher factors of safety used in other applications may be 
required to offset the unknowns in their loads and operating conditions.  
 
There are, though, several facts that should be taken into consideration. First, 
the loads on aircraft structures are applied under strictly controlled operation 
conditions, so the load cases used in the calculations represent all the real 
loads the aircraft could suffer during its useful life with great accuracy and 
precision. Also, aircraft are very weight sensitive; consequently, over-
dimensioning aircraft components might result in serious flight problems. If 
reserve factors like the ones applied in automotive engineering were used (note 
that automobiles are also weight sensitive), the aircraft would possibly be 
unable to fly. Finally, aircraft wings and fuselages penetrate through air, a quite 
forgiving medium in comparison to, for example, a bulldozer through gravel.  
 
Nonetheless, as defined in the JAR25 and FAR25, the aircraft’s structure must 
be able to withstand ultimate loads without failure for at least 3 seconds. A 
safety factor of 1.5 is included in these ultimate loads so, reserve factors 
obtained already take into consideration a margin of safety with respect to the 
aircraft’s limit loads. 
 
Although none of the allowed values have been exceeded, in most cases, the 
initial methods used in the analyses were far too conservative and new, less 
conservative hypotheses have been needed in order to reach the reserve factor 
above 1.00. Thankfully, the majority of software used already contemplates this 
possibility and offer the option of taking into account certain parameters which 
permit a less conservative approach. Such parameters are usually related to 
the component’s contour conditions like how it is supported at its borders 
(simply supported, embedded, etc.) or how the adjacent components affect 
these conditions (by bringing stiffness, for example). Usually, this less 
conservative approach is only taken when strictly necessary as it requires more 
data, which implies more work hours, and a study of these dimensions 
demands an optimization of work hours.  
 
Ultimately, when even the tools offered by the software didn’t produce the 
adequate reserve factors, a FEM analysis finally produced the desired results. 
This is because this type of numerical analysis is the closest to reality that can 
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be obtained without actually reproducing the real structures. Again, FEM 
analyses require many work hours and are only used when all the other options 
don’t work.  
 
Still, FEM analysis has proved to be a very valuable tool, as it enables scientists 
and engineers to represent reality with great fidelity but without the economic 
drawbacks of actually reproducing the real components. Thus, it is greatly used 
in automotive and aerospace industries as it provides information very useful in 
the dimensioning tasks of different components and structures. To reproduce in 
reality all the potential designs of a certain component or structure in order to 
evaluate its load capacity and its behaviour would be very time-consuming and 
costly. FEM analysis solves this problem; however, it provides an ideal solution, 
without taking into account possible imperfections of the real components and 
structures.  
 
Once the design is proven viable through certification calculations such as the 
ones presented in this report, actual tests on real reproductions of the design 
are performed. Then, the results obtained from the certification calculations are 
adjusted with those obtained from real tests. This isn’t a simple task as results 
from real tests are subjected to imperfections, such as fabrication errors in the 
studied component. However, adjusting these results is necessary because 
obtaining very similar results with two different methods is a way of 
corroborating the authenticity of these results. 
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